Two pentosan-rich fractions (water-extractable, WEP, and alkali-extractable, AEP) were isolated from a wheat milling by-product. When both WEP and AEP were added to a commercial-type broiler diet the apparent metabolizable energy (AME), nitrogen retention, feed utilization and growth of broilers were significantly (P < 0.001) depressed. These depressions were closely correlated (P < 0.001) to the level of pentosans in the diets. At the highest level of inclusion of pentosans (equivalent to 40 g arabinoxylans as AEP/kg) the ileal digestibilities of starch, protein and lipid were decreased by 14.6, 18.7 and 25.8 % respectively.
The cell wall of cereals is comprised primarily of complex carbohydrates which are loosely termed non-starch polysaccharides (NSP). Originally NSP were considered to make minor contributions to the nutrition of chickens and other simple-stomached animals through limited fermentation in the lower bowel. In recent years, however, considerable evidence has been gathered indicating that cereal NSP exhibit anti-nutritive activity at levels as low as < 50 g/kg in broiler diets.
To date most studies have investigated the anti-nutritive activities of the NSP from barley and rye. In barley (I-3),(1-4)-P-glucan (30-60 g/kg dry matter ; Fincher & Stone, 1986) causes growth depression in broilers accompanied by sticky droppings. The addition of ~-glucanases to barley-based diets ameliorates the growth depression (Gohl et al. 1978 ;  Hesselman & Aman, 1986; Classen et al. 1988) and allows barley to be used at higher levels of inclusion in broiler diets.
Rye contains high levels of arabinoxylans (approximately 100 g/kg dry matter; Antoniou et al. 1981) . The anti-nutritive activity of these polysaccharides was demonstrated by Marquardt and co-workers (Antoniou & Marquardt, 1981 ; Ward & Marquardt, 1987) who showed that growth of broilers was depressed when pentosans isolated from rye were added to experimental diets. Supplementation of the diets with enzymes exhibiting pentosanase activity improved the nutritional value of rye-based diets (Pettersson & Aman, 1988) . Mollah et al. (1983) and Rogel et al. (1987) reported that some Australian wheats have a low apparent metabolizable energy (AME; < 13 MJ/kg dry matter) when included in poultry diets. Wet and sticky droppings were observed when broilers were fed on these diets, as reported in birds fed on rye (Halpin et al. 1936) . Pentosans are also present in wheats at appreciable levels (50-80 g/kg dry matter; Annison, 1990) . The pentosans of wheat are similar to those of rye, consisting of a (I-4)-/3-xylan chain with arabinose substituted at the 0 2 and 0 3 positions of the xylose (Fincher & Stone, 1986) . Choct & Annison (1990) showed that when isolated wheat pentosans were added to a sorghum-based diet containing low levels of NSP, the AME of the sorghum was depressed to an extent greater than accounted for by nutrient dilution. In addition, live-weight gain was also depressed.
In the present studies the effects of wheat pentosans on ileal digestibilities of starch, protein and lipid were examined in broiler chickens.
M A T E R I A L S A N D METHODS

Isolation of wheat pentosans
A pentosan-rich milling by-product (g/kg; 188 arabinoxylans, 168 starch and 260 protein) was used as the source of wheat pentosans. The material was incubated in hot water (1 kg/lO 1, 1 h, SO-100") with a thermostable a-amylase (EC 3 . 2 . 1 . 1 ; Termamyl 120L, Novo A/S, Denmark; 1.5 ml) to degrade the residual starch. The mixture was cooled and incubated with papain (2 g, 1 h, 65") to remove residual protein and centrifuged (1000 g). The supernatant fraction was decanted and centrifuged again at high speed (1 3000 g, 30 min). The clarified supernatant fraction was decanted, adjusted with ethanol (to 800 ml/l) and the mixture was allowed to stand at room temperature for several hours. The precipitate was collected, washed with ethanol and air-dried in a forced-air oven (50") to give a water-extractable pentosan preparation (WEP).
The insoluble material remaining after the incubation was resuspended in an equal volume of aqueous 0.2 M-sodium hydroxide at 80" for 2 h, neutralized with acetic acid and centrifuged (1000 g). The supernatant fraction was decanted, recentrifuged (13000 g, 30 min) and adjusted with ethanol (to 800 ml/l). The precipitate formed was dried in the same manner as the WEP to given an alkali-extractable pentosan preparation (AEP).
Several extractions were necessary to recover enough material for the animal feeding trials. The dried preparations were ground to a fine powder before inclusion in the experimental diets. Both the WEP and AEP gave viscous solutions in water indicating that they were water soluble and had retained their polymeric nature throughout the extraction procedure. In total, approximtely 420 g WEP and 1250 g AEP were isolated and used in the feeding trials. The greater amounts of AEP available allowed it to be used at graded levels in the present study.
Bird management and AME trial Commercial male broilers, obtained at 1 d old, were maintained on a commercial starter diet for 3 weeks and then randomly allocated to six groups of equal mean live weight (eight birds per group). They were transferred to individual metabolism cages and offered the control diet ad lib. for 3 d. The experimental diets were fed for 6 d and feed intake and weight gain were recorded. For the last 3 d the excreta were collected daily, dried overnight and pooled for the determination of AME. After the last collection the birds were killed by lethal injection of phenobarbitone. The lower ileum (midway between the vitelline diverticulum and the ileo-caecal junction to 10 mm above the ileo-ceacal junction) was quickly removed and the contents flushed into screw-cap containers with 10 ml distilled water. The samples were freeze-dried and stored under vacuum for future analyses.
Trial diets
Six sorghum-based commercial-type diets were formulated according to the proportions and ingredients shown in Table 1 . Celite was used as an acid-insoluble marker (Vogtmann et al. 1975) . The diets were cold-pelleted before feeding. Analyses Acid-insoluble ash ( M A ) . Diet and ileal content of samples were dried, accurately weighed and ashed (480", 8 h), and were treated twice with boiling 4 M-hydrochloric acid. The residue was collected as the AIA. The low yields made it necessary to pool digesta from two or three birds within the same treatment for the determination of AIA, hence all the analyses relating to ileal contents were based on three replicates.
NSP. The levels of pentosans in diet ingredients and in the WEP and AEP were determined as follows. Samples were ground and then ball-milled to a fine powder. Portions (20 mg) were added to small reaction vials (with screw caps and teflon septa) and extracted twice at 80" for 5 niin with an ethanol-water mixture (85: 15, v/v; 2 ml) to remove soluble sugars. After drying, hydrolysis of the samples was carried out using procedures described by Olsen et a/. (1988) . Trifluoroacetic acid (2 M, 1 ml) was added and the reaction mixtures were held at 120-125" for 1 h. After cooling and addition of an internal standard (allose, 3 mg/ml, 0.2 ml) the hydrolysate was centrifuged (bench centrifuge, 5 min) and 0.8 ml was transferred to a clean reaction tube. The excess trifluoroacetic acid was removed by codistillation with water under a stream of nitrogen gas. The dry residue was recovered in distilled water (0.2ml) and the free sugars were reduced by treatment with dimethylsulphoxide containing sodium borohydride (1 ml, 20 mg/ml) at 40" for 1.5 h as described by Blakeney et a/. (1983) . The alditols were acetylated by addition of acetic anhydride (2 ml) and I-methylimidazole (0.2 ml). The excess acetic anhydride was decomposed with distilled water (10 ml) and the alditol acetates were extracted with dichloromethane ( I ml). The samples were analysed using a Varian 3400 gas-liquid chromatograph instrument equipped with a Varian series 8000 auto-sampler and a flameionization detector and capillary column (DB1701, 15 m; J. & W. Scientific, Folsom, USA). During analysis the column was held at 200" for I niin and then raised by S"/min to 220" and held for 4 min. Duplicate samples were hydrolysed and the derivatized products were determined twice.
The sugar composition of the samples was used to determine the NSP content of samples. The polymeric arabinoxylans were assumed to be comprised of a xylan backbone with arabinose side-chains. The levels of arabinoxylans were calculated from the levels of the component sugars as follows :
Other polysaccharides (glucan, galactan and mannan) were assumed to be linear polymers and calculated using the relationship :
Mixed linked /7-glucans. (l-3),( 1-4)-/7-Glucan was determined using the method of McCleary & Glennie-Holmes (1985) using a test kit supplied by Biocon Australia Pty Ltd.
Starch. Starch was determined using a method based on that described by Aman & Hesselman (1984) . Triplicate samples (20 mg) were weighed into screw-capped tubes (35 ml). Ethanol (1 ml) and distilled water (17 ml) were added and the tubes were held at 100" for 30 min. A thermostable a-amylase (Termamyl 120L; Novo A/S, Denmark; 0.5 ml) was added and the tubes were heated for 1 h at 85". After cooling, amyloglucosidase (EC 3 . 2 . 1 . 3 ; Boehringer Mannheim; 0 1 ml) and citrate buffer (2.4 ml, pH 4.6) were added and the tubes were shaken for 3 h at 55". The reaction mixtures were filtered (Whatmans No. 40) and the glucose concentration of the filtrate was determined using glucose oxidase (EC 1 . I .3.4).
N . The N content of all samples was determined using a Kjeldahl automatic analyser (Kjel-Foss; Foss Electric, Denmark). The protein contents of WEP and AEP were calculated using the factor most appropriate for wheat proteins (i.e. N x 5.7). For ileal samples the general factor of 6.25 was used.
Long-chainfatty acids. The long-chain fatty acid contents of the diets and of ileal samples were determined using the direct methylation method described by Outen et al. (1976) , with minor modifications. Finely ground samples were dried in a desiccator over phosphorous pentoxide and accurately weighed (approximately 100 mg) into 20 ml Pyrex screw-capped tubes. After addition of an internal standard (2 mg heptadecanoic acid in I ml anhydrous methanol) the samples were dried at 35" under a stream of N, gas. Benzene (1 ml) and methanolic HCI (3 ml; prepared by adding 1 ml acetyl chloride dropwise to 10 ml anhydrous methanol) were added and the samples were gently shaken for 5 min. The tightly capped reaction mixtures were incubated at 70" for 2 h. The samples were cooled and sodium chloride (50 g/l; 7.5 ml) and n-hexane ( 3 ml) were added and vigorously agitated. Following centrifugation (2000 g, 5 min) the upper layer was transferred into 8 ml Pyrex tubes and dried at 35" under N, gas. n-Hexane (2 ml) and NaCl (50 g/l; 4 ml) were added and the extraction repeated. Finally, the clarified samples were extracted with 1.5 ml nhexane (chromatographic grade) and analysed by gas-liquid chromatography. The same instrument was used as previously described for the NSP analysis. The column was held at 180" for 5 min, raised by 2"/min to 190" and then raised by 5"/min to 220" and held for 2 min.
Gross energy determination. The gross energy of diets and excreta was determined using an adiabatic bomb calorimeter (Gallenkamp).
Statistical procedures
The data were evaluated for statistical significance using analysis of variance. A standard method of regression analysis was used to assess the relationship between the level of pentosans in the diets and other variables. The sum of square of deviations was partitioned into two components, deviation caused by diet 2 (deviation, diet 2) and deviations excluding diet 2 (deviations, other), to assess the relationship further. 3) ,( I -4)-/3-gIucans. $ 94.6% of the total glucans is (1-3),(1-4)-/3-glucans.
RESULTS
Partial characterization of WEP and A E P
Chemical analysis showed that the WEP and AEP consisted of 515 and 665 g arabinoxylans/kg dry matter (DM). Small amounts of glucans, proteins, lignin and minerals were also present. The compositions of WEP amd AEP, as partially characterized, are shown in Table 2 .
AME, N retention ( N R ) , feed conversion ratio (FCR), feed intake (FI), and weight guin
Both WEP and AEP, when added to a commercial-type broiler diet u p to levels equivalent to 40 g arabinoxylans/kg, significantly (P < 0.001) depressed the AME of the diet, NR, FCR, WG and FI. At the level of AEP inclusion equivalent to 40 g arabinoxylan/kg the AME of the diet dropped from 15.05 MJ/kg DM to 12.48 MJ/kg DM, which is equivalent to a 17-1 % decrease in energy utilization. These depressions were highly correlated ( P < 0.001) with the level of pentosans in diets. The values are presented in Table 3 .
Digestibilities of starch, protein and lipid in the lower ileum
The wheat pentosans significantly depressed the digestibility of starch ( P < 0.001) and protein ( P < 0.05) in the ileum. There was also a noticeable effect on the digestibility of lipid (sum of long-chain fatty acids); however, statistical analysis failed to show significant difference at P = 0.05 level due to a large between-bird variation. At the highest level of AEP inclusion (diet 6 ) the ileal digestibilities of starch, protein and lipid were depressed by 14.6, 18.7 and 25.8 YO respectively. High correlations ( P < 0.001) existed between the level of pentosans in the diets and ileal digestibilities of starch, protein and lipid (Table 4) .
Digestibility of individual ,fatty acids in the lower ileum
The digestibilities of fatty acids C,,:, and C,,:, were significantly (P < 0.01 and P < 0.05 respectively) affected by the addition of wheat pentosans. The greatest depression was recorded for fatty acid C,, : 2 with the digestibility coefficient decreasing from 0.75 to 0.27.
No statistically significant effects were seen with fatty acids Clara, C1,:,,, C,,:,, and C18:l; however, the decreases in the digestibilities of all the fatty acids were significantly ( P < 0.00l) correlated with the level of pentosans in the diets (Table 5 ). 
D I S C U S S I O N
The pentosan-rich fractions used in the present study were similar in composition to the fractions previously isolated from a wheat milling by-product using the same methods (Choct & Annison, 1990) . The WEP contained higher levels of non-pentosan polysaccharides than the AEP. The structures of these polysaccharides were not characterized in the present study. They were reported as glucans, galactans and mannans to indicate their polymeric nature and to distinguish them from free glucose, galactose and mannose which, if present in the milling by-product, would have been lost in the extraction procedure. The hexoses are most likely to be present as P-glucans and heteropolymers such as glucomannans and arabinogalactans which have been identified in wheat (Mares & Stone, 1973; Fincher & Stone, 1974) . The relatively low levels of these NSP and other minor constituents of the preparations suggest that they are not likely to have had a role in the anti-nutritive activity possessed by the WEP and AEP. Arabinoxylans are the major NSP in wheat (Mares & Stone, 1973) and both fractions were highly enriched with this pentosan material.
No attempt was made to purify further the WEP and AEP due to the difficulties in handling large amounts of this type of material. Both preparations formed very viscous solutions which limited the use of high-speed centrifugation as a means of purification. Fractional precipitation using alcohols or ammonium sulphate was also impractical due to the very large volumes of solutions required.
The arabinoxylan fractions of the WEP and AEP are probably very similar in structure. The arabinoxylans of wheat can be isolated using a series of water and alkali extractions (Saini & Henry, 1989) . The alkali cleaves ester bonds which link some of the arabinoxylans to other cell wall constituents thereby rendering them water-soluble. They are very similar in composition to the arabinoxylans which are released by water extraction alone.
Both the WEP and the AEP were found to possess anti-nutritive activity whereas previously only the alkali-soluble extract was found to be active (Choct & Annison, 1990) . A higher level of inclusion of WEP (diet 2, 20 g arabinoxylan/kg) was used in the present study and statistical analysis of the data indicated that the anti-nutritive nature of the WEP was very similar to that of the AEP. Fengler & Marquardt (1988 a, b) have reported that the water-soluble pentosans of rye possess anti-nutritive activity.
The chemical analysis showed that the basal diet contained 26 g pentosans/kg and the findings suggest that birds can tolerate up to 35 g total pentosan/kg (diet 4) without detrimental effect. Greater experimental replication would allow the birds' tolerance to be more precisely defined but this would require large amounts of the WEP and AEP which are difficult and time-consuming to isolate on a large scale. It is clear, however, from the significant linear correlations between total dietary pentosan levels and the digestibility coefficients that the effect of pentosans is dose-dependent, which is a characteristic of many anti-nutritive compounds (Chubb, 1982) .
The wheat pentosans cause a general inhibition of nutrient digestion affecting starch, fat and protein (Table 4) , which indicates that they act in the same manner as the anti-nutritive NSP of rye and barley. The pentosans of rye have been reported to depress fat, protein and dry matter retention (Ward & Marquardt, 1987; Fengler & Marquardt, 1988 h) . Depressed ileal digestibilities of starch and protein have been observed in chickens fed on barley diets which had high levels of extractable viscous /?-glucans (Hesselman & Aman, 1986) . Supplementation of barley-based diets with P-glucanases has been shown to improve the utilization of starch, protein and fat in broiler chickens (Edney et al. 1989) .
Although a non-specific depression of digestion is suggested by the findings, it should be noted that in the case of protein the decrease in the digestibility coefficient with increasing levels of added pentosans may have been caused by increases in endogenous secretions. Low (1989) observed that elevated levels of NSP in feed can markedly increase the secretory responses of the pig gut. This would decrease the apparent protein digestibility.
A degree of specificity in the action of rye and barley NSP in depressing lipid digestion has been noted. Thus, Fengler et ul. (1990) reported that a decrease in the viscosity of aqueous extracts of barley after germination (attributed to less P-glucan being present) was associated particularly with improved retention of long-chain, saturated fatty acids when the barley was fed to chickens. In broilers fed on rye-based diets similar effects have been observed (Ward & Marquardt, 1983) . In contrast, in the current study the depression in the ileal digestibility of unsaturated fatty acids (C,,, ,, C,,:,) caused by increased levels of AEP was greater than that of the saturated fatty acids, whilst no significant effects were seen in the ileal digestibility of other fatty acids determined ( Table 5 ). The interpretation of these findings is made difficult by an inability to distinguish between the various contributions to the lipids found in ileal digesta. These include undigested dietary lipid, lipid present in endogenous secretions and microbial lipid.
The variability in all the experimental data increased as greater amounts of pentosans were added to the diets (Tables 3, 4 and 5). As the feeding trials utilized individual metabolism cages this represents an increase in between-bird variation which makes it more difficult to demonstrate significant effects between treatments. The individual metabolism cages were used, however, to minimize the amount of feed and, therefore, the amount of pentosans required for the experiment. Despite the increase in the variability of the experimental data it was possible to demonstrate highly significant correlations between the total pentosans in the diet and the digestibility coefficients of starch, protein and lipid. Rogel et a/. (1987) reported that when broilers were fed on low-AME wheats, greater between-bird variation was seen than when normal wheats were fed. Inhibition of starch digestion was also noted. Thus, addition of wheat pentosans appears to mimic some of the characteristics of the low-AME phenomenon.
The severe growth depression caused by the wheat pentosans was not entirely the result of decreased FI (Table 3) . There was a dramatic increase in FCR and the birds showed considerable gastrointestinal stress, producing copious amounts of watery excreta. It was noted that the birds appeared dull and less responsive to the environment, which suggests that the action of the wheat pentosans was not restricted to inhibiting nutrient uptake but also, directly or indirectly, to causing malaise.
The exact mechanism of action of the NSP is unclear. A close correlation between the viscosity of aqueous extracts of barley and the performance of chicks has been noted (Campbell et al. 1989) and it is known that barley P-glucan can increase the viscosity of the digesta of chickens (White et al. 1981) . Nutrient diffusion and absorption is inhibited by increases in viscosity in model systems (Fengler & Marquardt, 1988b) but whether this is the only factor involved in the anti-nutritive activity of the NSP is yet to be established. The variability of AME values obtained from individual broilers fed on wheat diets is high compared with that of cereals with lower levels of NSP, suggesting that the antinutritive activity of wheat NSP is mediated by a highly variable factor associated with the birds (Annison &Johnson, 1989) . This factor may be the gut microflora, as in young broiler chickens large between-bird variability is found in the numbers and types of microorganism (Annison, 1989) . This is supported by the studies of Wagner & Thomas (1978) which showed that the performance of birds on rye-based diets is greatly improved with antibiotic supplementation. There is evidence that older birds utilize cereal-based diets better than younger birds. Jeroch (1987) reported that rye may be used at high levels in layer rations without production problems. Johnson ( 1987) compared AME values for cereals and found that when adult cockerels were used in the bioassay the values were frequently higher than those obtained using broilers. The tolerance of older birds to NSP may reflect a more active, or more stable, gut microflora.
The findings from the current study demonstrate that wheat pentosans, in common with other cereal NSP, have an anti-nutritive activity. Further studies, however, are required to elucidate their mechanism of action.
